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INTRODUCTION 
Reinforced concrete is used to build many modern structures such as bridges and 
buildings. The strength of these structures is dependent upon the integrity of the steel 
reinforcing embedded in the concrete. Over a period of time the rebars may begin to corrode 
and crack. The loss of steel due to corrosion or the loss of strength due to cracking may lead 
to structural failure particularly for prestressed concrete. The work described in this paper is 
the development of active electromagnetic induction sensors capable of detecting 
reinforcing bars within concrete and the identification of surface breaking defects on the 
reinforcing bars. 
The method is active because direct physical contact is made with the bar under 
examination. An ac voltage is applied across the length of bar to be examined, this generates 
an alternating current along the bar. Because of the frequencies used in this project (~ 1 
kHz), the skin effect causes the current to flow along a thin outer layer of the bar. Any 
surface breaking defects on the bar will cause a portion of the current to be deviated across 
the bar and induce a corresponding alteration in the magnetic field around the bar. An array 
of coils is used to detect both field components induced by the current flow directly along 
the bar and field components induced by current deviations around surface defects on the 
bar [1-4]. 
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THEORY 
The x components of the magnetic flux density aroWld a bar carrying a current 1 and 
lying along the z-axis of our co-ordinate system, are given by the equations: 
(1) 
If a second conductor is placed in the magnetic field produced by the bar, by 
mutual induction an emfwill be induced within the second conductor. The emf is governed 
by the equation: 
dJ ~=-M­dt (2) 
where M is the mutual inductance of the pair of conductors [5]. The mutual inductance 
between the bar and a coil lying in the x-direction (that is perpendicular to the bar) is given 
by: 
(3) 
where r is the coil radius and N is the number of turns on the coil. Hence for a coil aligned 
with the x-axis: 
q =_pyr2N1oOJ.cos(wt) 
x 2(x2 + i) (4) 
where the bar current is sinusoidal and 10 is the current amplitude, ro is the angular 
frequency and 11 is the permeability of the coils core and. A corresponding equation can be 
obtained for a coil in the y direction. 
Because the current on the bar flows in the z-direction, it induces a magnetic field 
only in the plane perpendicular to the z-axis (the xy plane), hence the emf induced in a coil 
aligned in the z-direction is ordinarily zero. But as mention in the introduction, surface 
defects cause deviations in the current path resulting in a flux density component in the z-
direction. Coils above the bar orientated in the x-direction are sensitive to current flow along 
the bar whilst coils parallel to the bar (the z-direction) are sensitive to current across the bar. 
Thus a combination of coils is used to detect the bar and its surface defects [6]. 
FINITE ELEMENT ANALYSIS 
Finite element modeling software produced by 'Vector Fields' of Oxford England, 
was used to model the system of bars and their defects [7&8]. The modeling was mainly 
concerned with the magnetic flux density aroWld the bars and the current density on the 
bars. Models were generated of single bars, groups of parallel bars and bars within meshes, 
for both perfect bars and bars with surface defects; in each case only one bar carries an 
applied current. The current density on the bars and the magnetic flux density around the 
bars were analyzed. 
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The modeling has shown that the x and y components of flux density Bx and By are 
constant along the length of the bar for constant x and y distances from the bar (figure 1), 
this is as expected from equation(l). Along the length of an undamaged bar the current 
density flows totally in the z-direction resulting in magnetic flux density in the x, y-plane 
and a Bz component which is virtually zero (figure 2). When defects on a bar are 
encountered the models show that the x and y components of current density increase and 
peak at either edge of the defect, this results in the Bz field component becoming non zero, 
peaking at either side of the defect (figure 3). 
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Figure 1. Magnetic flux density component, By at constant x-y distance from the bar. 
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Figure 2. Bz component, when there is no defect on the bar. 
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Figure 3. Bz component when there is a single v-shaped cut on the center of the bar. 
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Figure 4. The positioning of the coils in the scanning sensor and their alignment with 
respect to the test bar. 
THE SCANNING SENSOR 
The modeling results were used to design and build a four coil scanning sensor. The 
scanning assembly has two stepper motors, controlled by a microprocessor linked to a PC; 
the motors move the sensor in the horizontal (x, z) plane. As well as controlling the 
scanning process, the host PC collects and stores data from the sensor via a 12 bit ADC. It 
also process the data, this is achieved using software written for this system. The four coils 
of the sensor are arranges in two pairs; when the sensor is mounted on the scanning rig the 
coils of a pair have the same x,z position but are separated by 27 mm in height (v-direction). 
The two pairs of coils are perpendicular to each other (figure 4). The scanning assembly and 
test bar are aligned so that the two pairs of coils in the sensor are approximately aligned 
with the x and z axes of the bar. 
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Figure 5. An image of a section of bar that has no defects, the bar diameter is 16 rnm, scan 
height 32 rnm. 
Figure 6. An image of a bar with 3 v-shaped notch cut out of the right side 6,4,8 rnm deep 
on a 16 rnm diameter bar, scan height 38 rnm. 
EXPERIMENTAL RESULTS FOR THE SCANNING SENSOR 
The images shown (figure 5 & 6) were produced after scanning test bars at a 
resolution of 1.1 rnm; these results are for single bars only. The images were generated 
using the algorithm shown in equation (5). ~J to ~4 are the output levels from the circuitry 
for coils 1 to 4 and V is the resultant pixel value at point (x, z). Images can be generated in 
16 -level false color or gray scale. All of the images shown were produced using a bar 
current of 1 A at a frequency of 1.3 kHz. Equation (6) shows how coils set at different 
heights allow bar depth measurements to be made, where s is the separation between the 
coils. 
(5) 
(6) 
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Figure 5, shows an image created when a section of 16 mm diameter bar that has no 
defects, was scanned with the bar current and frequency mentioned above. The image 
intensity decreases evenly as we move from the center of the bar and falls to zero at ~30 mm 
either side of the bar. Figure 6 also shows an image of a 16 mm diameter bar. This section 
has three v-shaped cuts taken out of the right hand side. The cut depths are 6, 4 & 8 mm 
starting from the top of the bar. Each of the cuts is clearly seen on the image, with 
progressively deeper cuts extending further into the image of the bar. 
THE HAND HELD SENSOR 
A hand held version of the sensor was also built. This is designed to be tracked 
along the concrete surface above the reinforcing bars. This sensor has a different coil 
configuration from that of the scanning sensor: the fourth coil in the scanning sensor was 
aligned along the z-axis, this has be replaced with a coil aligned along the y-axis meaning 
that all 3 axes are know monitored. This sensor operates with a bar current of200 rnA at a 
frequency of 10kHz. The sensor is linked to a PC via an ADC connected via the parallel 
port. The control program guides the user to align the sensor with the bar for fault detection 
and the performance of depth measurements. Depth measurement is performed using 
equation (6), and the accuracy of such measurements is increased with an increased coil 
separation s, which for this sensor was 60 mm. 
Figure 7 shows a screen capture from the control program as the sensor passes over 
a 16 mm diameter bar that has a 5mm deep v-shaped cut taken out. Figure 7 shows how the 
outputs of coils 1 &3 vary as the sensor is moved along the bar. The straight line represents 
coil 1 output, indicating current flow directly along the bar; the second line represents coil 3 
output indicating current flow across the bar. The 5 mm deep v-cut results in two peaks in 
coil 3 output, one either side of the cut as one moves along the bar. The separation for the 
two peaks increases with sensor height above the bar. 
Figures 8 & 9 show how coil 3 output changes with sensor height above the test bar. 
These figures show results for a 2.5 mm deep by 5 mm wide v-cut and a 6 mm deep by 12 
mm wide v-cut respectively, both on 16 mm diameter bars. The 2.5 mm deep cut is 
detectable at depths up to 50 mm, whereas the 6 mm deep cut is detectable at depths up to 
90mm. 
Figure 7. The handheld sensor moving over a 16 mm diameter bar with a 5 mm deep v-cut 
on the surface, sensor height is 60 mm. 
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Figure 8. The change in coil 3 output voltage versus sensor height over a 2.5 rnrn deep cut 
on a 16 rnrn diameter bar .. 
~ IS 
"8 
'0 
! 
os 
60 80 100 120 
1I',sht of S<ruOr abo,. bar d.fea (mm) 
Figure 9. The change in coil 3 output voltage versus sensor height over a 6 rnrn deep cut on 
16 rnrn diameter bar. 
DISCUSSION 
At present the scanning sensor is able to detect bars at depths up to 160 rnrn for a I A 
1.3 kHz bar current. As one would expect the ability of the sensor to distinguish defects on 
the surface of the bar decreases as the bar depth increases. On a 16 rnrn diameter bar 3 rnrn 
deep defects are visible at scan heights up to 40 rnrn, whereas larger defects such as those 8 
mm deep are visible up to scan depths of 70 rnrn. For flaw detection the sensor operates best 
ifit is aligned with the direction of the bar, but the sensor can cope with the bar being set at 
an angle. However, the larger the angle between bar and sensor the less effective is the flaw 
detection and as the angle approaches 45°, the reconstruction algorithm produces a single 
valued image. The sensor can also cope with small bends in the bar, though it would not 
show the bar and defects at the site of a right angled bend. 
When using the handheld sensor it is necessary for the sensor to be accurately 
aligned with the bar, but by monitoring the output of each coil this is possible. At present 
defects as small as 2.5 rnrn by 5 rnrn wide can be seen at bar depths up to 50 rnrn, 6 rnrn 
deep defects are seen at bar depths up to 90 rnrn. In order to make the handheld sensor easier 
to use the sensor may be developed to run along a track placed on the concrete surface, if the 
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sensor an be moved in a straight line at a constant velocity then its alignment with the test 
bar will become less critical. 
CONCLUSIONS 
The scanning sensor can detect and image bars at depths up to 160 nun for a lA, 1.3 
kHz bar current. On a 16 nun diameter bar 3 nun deep defects are visible at scan heights up 
to 40 nun, larger defects are seen at correspondingly grater scan heights. The handheld 
sensor can detect bars at depths up to 600 nun for a 0.2 A 10 kHz bar current. On a 16 mm 
diameter bar 2.5 nun deep defects are visible at scan heights up to 50 nun. The depth 
measurement facility is accurate to > 90% for bar depths up to 400 nun. Work continues to 
increase the detection range, accuracy and easy of use of both sensors. 
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